Disease characteristics

Name of the disease (synonyms)
Becker muscular dystrophy (BMD). 
OMIM# of the disease
Mutational spectrum
Variants in the dystrophin/DMD gene can result in Becker or Duchene muscular dystrophy (BMD and DMD, respectively, also known as 'dystrophinopathies') almost solely in male individuals as DMD is located on the X chromosome. The difference in phenotype is usually dependent on whether the variant is in frame, resulting in an internally deleted, shorter, yet partially functional dystrophin protein (BMD), or out-offrame resulting in no dystrophin protein (DMD) [1] . However, other clinical phenotypes may arise from a DMD variant such as isolated quadriceps myopathy [2] ; asymptomatic hyperCKemia [3] ; myalgia, cramps and rhabdomyolysis [4] ; dilated cardiomyopathy [5] ; isolated cognitive impairment [6] ; and symptomatic female carriers [7] .
BMD is less common and less severe than DMD [8] . However, the BMD phenotype is highly variable, with half of affected males presenting by age 10 years with a limbgirdle pattern of skeletal muscle weakness, and often with calf hypertrophy. Other BMD cases are associated with a much milder phenotype and very late onset up to the 7 th decade of life, e.g., ref. [9] . Cardiomyopathy is present in 70% of patients with dystrophinopathies [10] , while cognition is usually unaffected. Respiratory involvement usually correlates with the severity of skeletal muscle weakness; therefore, it is more severe in DMD than BMD. Conversely, myocardial involvement does not correlate with skeletal muscle weakness and it should be monitored in every patient. In patients with a childhood onset of skeletal muscle weakness, loss of ambulation may occur in the third or fourth decade of life [8] .
Regularly updated public DMD variant databases are in the Leiden Open Variation Databases (http://www.dmd.nl/ nmdb2/home.php?select_db = DMD) and ClinVar (https:// www.ncbi.nlm.nih.gov/clinvar/).
In-frame deletions (60-70%) and duplications (5-10%) account for the majority of BMD cases [11] . Approximately 5-10% of BMD cases are a result of point variants. The majority of these are small indels and splice site variants, and less commonly missense variants; however, they can also affect dystrophin function [11, 12] . Intronic variants can also negatively influence splicing and lead to BMD. Detailed understanding of the molecular mechanisms of BMD is important to underpin therapeutic strategies aimed at reducing dystrophinopathy symptoms. In particular, much research emphasis has focussed on the conversion of patients from a DMD-like phenotype to the milder end of the BMD phenotypic spectrum (e.g., a deletion of 46% of the DMD gene identified in a BMD patient who was still ambulant at 61 years [9] has crucially informed a range of treatment approaches, including use of a 'mini-dystrophin' gene version).
The 'reading frame rule' is not followed in~10% of cases [8] . Predicted nonsense variants in exons 23-42 can result in BMD through altering splice definition regions such that the mutated exon is not spliced into the mature mRNA [13, 14] . An out-of-frame deletion of exons 3-7, although usually associated with DMD, can result in BMD because of downstream translational reinitiation (exons numbered as per NG_012232.1 and the Leiden Open Variation Database) [15, 16] .
Analytical methods
Suspected BMD or DMD patients are first tested for elevated serum CK levels [17] . Mean elevation rates of 20 times that of a normal level have been published for BMD patients [17, 18] , compared with a 50-100-fold elevation in DMD patients [17] . BMD is characterised by reduced dystrophin expression, which can be visualised using dystrophin antibodies with skeletal muscle biopsy sections. While this remains the gold standard for dystrophinopathy diagnosis (and for differentiating between DMD and BMD), taking skeletal muscle biopsies is invasive and can be avoided in some cases. The DMD phenotype is specific and consistent [19] , meaning BMD can often be diagnosed on a differential basis when combined with the identification of a previously characterised BMD-causing variant. This process is facilitated by the presence of an accurate X-linked family tree. When a variant of unknown significance is identified, or a negative genetic test follows clinical suspicion, skeletal muscle biopsy is usually required to facilitate confirmatory testing (e.g., dystrophin immunostaining and transcript analysis).
Although numerous techniques can be used to identify exon copy number variants [12, 20, 21] , the multiplex ligation-dependent probe amplification (MLPA) technique [22] and array comparative genomic hybridisation (array CGH) are commonly preferred. In the absence of a detected deletion/duplication, the next step is to sequence all DMD exons including intronic flanking regions using a massively parallel sequencing platform. The DMD gene may be sequenced as part of an in-house gene panel, a commercially available sequencing gene panel such as TruSight One (Illumina), or a whole exome. Single-step methods able to detect exon copy variants and exonic point variants are also streamlining this process [23] [24] [25] [26] . Point variants affecting splicing (including those deep within intronic regions of DMD) can affect RNA expression and/or processing. These can be identified via skeletal muscle biopsy followed by (a) sequencing of cDNA derived from skeletal muscle mRNA, which can guide analysis of genomic DNA [8] or (b) RNAseq-based transcriptome analysis [27] . Alternatively, non-invasive skin biopsies can be taken as an RNA source to detect duplications and deletions of two nucleotides or longer, as well as variants affecting splicing in the DMD transcript. This technique further reduces the diagnostic reliance on skeletal muscle biopsies [28] .
Analytical validation
Ideally, Sanger sequencing using a fresh dilution of genomic DNA should occur if a putative disease-causing variant is identified through next generation or Sanger sequencing. If possible, the finding of a single-exon duplication or deletion should be confirmed by different methodologies to discount the presence of rare sequence variants or technical artefacts, which might affect probe binding [29] . Because of exceptions to the 'reading-frame rule', variant analysis should not be relied upon solely to offer a differential diagnosis between BMD and DMD. It is prudent to correlate the clinical manifestation with genetic test results, taking into account age of onset, phenotypic presentation and, if available, dystrophin expression from a skeletal muscle biopsy [8] .
Estimated frequency of the disease
(Incidence at birth ('birth prevalence') or population prevalence. If known to be variable between ethnic groups, please report):
Approximately 1 in 18,450 live male births [30] . There is a recurrent exon 1 nonsense variant (c.9 G > A, p.Trp3Ter; NM_004006), most prevalent in European-Americans with one documented case in Italy [31] . Reports are of a mild phenotype with heterogeneous presentation including limb-girdle weakness and/or post-exertional myalgia. Ambulation can be lost in late adulthood.
Diagnostic setting
Yes No
Diseases to consider when making a differential diagnosis include limb-girdle muscular dystrophies [32] , EmeryDreifuss muscular dystrophy and dilated cardiomyopathy [33] .
Presymptomatic testing is available for at risk individuals. However, it is difficult to conclusively predict disease progression from a positive predictive/prenatal test result because of exceptions to the 'reading frame rule' and heterogeneity of the BMD phenotype [9, 31, 34] .
The same techniques used to provide a molecular diagnosis in the index patient can be used to identify female carrier status and screen other at-risk relatives [29] . Sporadic variants can arise de novo in a female carrier or an index patient (~33.3% of all BMD variants) or via germinal mosaicism of the mother [29, 35] . Sons of mosaic mothers are at an elevated risk of developing disease, relative to the level of gonadal mosaicism. There is no elevated risk of developing BMD for family members of de novo carriers/index patients, apart for offspring of these individuals. 
Test characteristics
Analytical sensitivity
(proportion of positive tests if the genotype is present) Close to 100% following exhaustive genetic testing. MLPA has an analytical sensitivity of~71% and when combined with Sanger or massively parallel sequencing of the coding regions and splice sites following negative MLPA results, the analytical sensitivity becomes~97% [29] . Some mutational analyses using single platforms have achieved sensitivities from 92 to 99% [23, 25, 26] . Array CGH can identify complex rearrangements that go undetected by MLPA [36] . Directed sequencing based on results from sequencing cDNA derived from skeletal muscle mRNA can reveal variants affecting splicing, including those located within deep intronic regions [37] .
Analytical specificity
(proportion of negative tests if the genotype is not present) Close to 100%.
Clinical sensitivity (proportion of positive tests if the disease is present)
The clinical sensitivity can be dependent on variable factors such as age or family history. In such cases a general statement should be given, even if a quantification can only be made case by case.
BMD is more commonly mistaken for related disorders rather than DMD due to its greater phenotypic variability [38] (see section 1.10) and therefore the clinical sensitivity is 85-90%. When BMD is correctly diagnosed clinically, a causative variant is almost always identified if extensive genetic testing is performed, as per section 2.1.
Clinical specificity (proportion of negative tests if the disease is not present)
The clinical specificity can be dependent on variable factors such as age or family history. In such cases a general statement should be given, even if a quantification can only be made case by case.
Close to 100%.
Positive clinical predictive value
(life time risk to develop the disease if the test is positive). Below 100%. Some individuals with DMD variants are asymptomatic [39] , or present with only slightly elevated serum CK levels and no other phenotype [3] . However, if the variant is known to cause BMD in family members, the index patient will almost certainly develop disease. A list of variants resulting in no known pathogenicity can be found at the Leiden Open Variation Database.
Negative clinical predictive value (Probability not to develop the disease if the test is negative)
Assume an increased risk based on family history for a non-affected person. Allelic and locus heterogeneity may need to be considered.
Index case in that family had been tested: Close to 100%. An undetected DMD variant may be present that is different to the other previously identified the family. Families have been described that have two different DMD-causing variants [40, 41] .
Index case in that family had not been tested: Close to 100%.
Clinical utility
(Differential) diagnostics: The tested person is clinically affected
(To be answered if in 1.9 "A" was marked)
Can a diagnosis be made other than through a genetic test?
No ⊠ (continue with 3. 
Describe the burden of alternative diagnostic methods to the patient
Clinical and biochemical assessment can usually offer a preliminary diagnosis, although genetic testing is required to confirm the diagnosis, determine the causative variant and thus the disease mechanism in most cases. Failure to identify a causative DMD variant complicates predictive testing in relatives and genetic counselling for potential female carriers. In addition, genetic testing streamlines the diagnostic process considerably [42] and, in some cases, avoids the need for a skeletal muscle biopsy, which can be distressing for some patients.
How is the cost effectiveness of alternative diagnostic methods to be judged?
Additional diagnostic cost most likely results from utilising alternative diagnostic methodologies, as a molecular diagnosis is the desired outcome. However, some economic benefit may arise if alternative diagnostic methods can direct molecular analysis, such as indicating whether any dystrophin protein is expressed, and if so, how the protein may be perturbed in size. In such instances a molecular diagnosis may arise more quickly than without the added information.
Will disease management be influenced by the result of a genetic test?
No. ☐
Yes. ⊠
Therapy (please describe)
Currently there are no disease modifying treatments for BMD. Corticosteroids which are recommended for DMD patients are generally avoided due to their adverse side effects, although they can prolong ambulation in some severe cases [43] . Most geneticbased therapies being trialled experimentally and clinically aim to convert a DMD phenotype to a BMD phenotype, so will probably only be applicable for patients with a more severe version of BMD [8] .
Pharmacological approaches targeting secondary pathology (e.g. calcium dysregulation) downstream of the deficiency of normal dystrophin in DMD may also prove to be helpful for BMD [44] . Prognosis (please describe)
BMD is associated with a highly heterogeneous phenotype and as a result prognosis can rarely be accurately predicted from genetic tests alone. Even if a non-private variant is found, large variation in phenotype within families has been reported. However, variants in domain I, responsible for actin binding, usually result in severe BMD, and also intermediate muscular dystrophy (characterised by loss of ambulation between the age of 12 and 15 years) [13] . Domain II (the rod domain) is not essential for protein function and thus variants in this region are often associated with a mild phenotype and occasionally asymptomatic individuals [39, 45] .
Management (please describe)
Confirming the diagnosis of a dystrophinopathy should prompt cardiac screening. Variants in DMD can cause myocardial complications, including in asymptomatic individuals and carrier females [19, 46] . BMD is managed in a similar fashion to DMD (reviewed by Bushby et al.) [19, 47] . In brief, symptoms can be alleviated through physiotherapy, occupational therapy and mobility and ventilation aids. Each is recommended on a case-to-case basis depending on disease severity and progression, not on genetic diagnosis.
Predictive
Setting: the tested person is clinically unaffected but carries an increased risk based on family history (To be answered if in 1.9 'B' was marked)
Will the result of a genetic test influence lifestyle and prevention?
If the test result is positive (please describe)
There is little evidence to suggest any benefit of presymptomatic therapy for BMD. However, an early diagnosis can have a significant effect on both the lifestyle of the patient and their family. Ambulation can be lost in early-or mid-adulthood and thus a positive result may allow a patient to minimise their reliance on independent mobility. This could include purchase of a single story home, and pursuing a sedentary career as apposed to one that requires physical work. A confirmatory genetic diagnosis is also likely to result in cardiac monitoring and management of any cardiac complications. For the family, early diagnosis in a child can prompt carrier testing in the mother and other female relatives, and in turn provide various genetic counselling options such as prenatal and preimplantation diagnosis.
If the test result is negative (please describe) A negative test result in an asymptomatic at-risk male will provide obvious relief for the individual and his family, and influence their lifestyle choices in the opposite manner as outlined above. A negative test result for a potential female carrier provides reassurance in regards to future family planning.
Which options in view of lifestyle and prevention does a person at-risk have if no genetic test has been done (please describe)?
Indicative diagnostic tests are available (see 3.1.1). The same lifestyle and prevention options exist as for a person with a positive test result.
Genetic risk assessment in family members of a diseased person
(To be answered if in 1.9 'C' was marked) 3.3.1 Does the result of a genetic test resolve the genetic situation in that family?
Yes, if a disease-causing variant is found in the diseased person, then a genetic test for family members can determine their risk above that of the general population.
Can a genetic test in the index patient save genetic or other tests in family members?
If, due to family history, a mother is known to carry a variant that has not yet been characterised, a positive genetic test in an affected child can confirm the variant identity in the mother. If the mother of an affected child is of unknown carrier status, it is recommended she be tested, as the result affects future family planning. Testing of symptomatic brothers or close male (and female in rare situations) relatives of an index patient is still warranted, although the process is refined if the disease-causing variant has already been characterised in the index patient. If the variant is a deletion or a duplication, an exon copy number test can be used (see section 1.6). For other variants, sequence analysis focusing on the area of the gene containing the variant is standard.
3.3.3 Does a positive genetic test result in the index patient enable a predictive test in a family member?
Yes. The carrier status for the mother of an affected child will determine whether the disease-causing variant in the index patient has been inherited or occurred de novo. If inherited, cascade testing of females at risk of being carriers and X-linked male relatives (including those older than the index patient) is also warranted. It is possible that the disease-causing variant in the index case could result in a vast spectrum of disease severity, including the age of onset [9] . A positive result in the index patient's relatives would nevertheless allow genetic counselling options to be provided. Yes. When a mother is a known or suspected carrier then prenatal testing is usually considered. In this case, a differential diagnosis between BMD and DMD is made easier by the family history and whether the DMD variant perturbs the reading frame or not. However, phenotypic variability and exceptions to the reading frame rule make it difficult to make conclusive prognostic predictions from a prenatal genetic test alone.
Prenatal diagnosis
If applicable, further consequences of testing
Please assume that the result of a genetic test has no immediate medical consequences. Is there is any evidence that a genetic test is nevertheless useful for the patient or his/her relatives? (Please describe) A positive genetic test will have practical and psychosocial consequences on patients and families. In the case of a presymptomatic test, the convoluted clinical diagnostic process can be avoided, eliminating the anxiety associated with misunderstanding early symptoms [48] . It can also predict the probable prognosis of some patients, allowing time for them and their families to prepare emotionally and practically for disease onset. Finally, a conclusive genetic test usually prompts cascade testing of at-risk males and potential female carriers, providing information that forms the basis of genetic counselling and allows families to consider preimplantation or prenatal testing.
